A decisive set of steps in the terrestrial carbon (C) cycle is the fixation of atmospheric C by plants and the subsequent C-transfer to rhizosphere microorganisms.
| INTRODUCTION
The carbon (C) taken up by plant photosynthesis is estimated to assimilate around 123 Pg atmospheric C annually, and almost as much is released back to the atmosphere through respiration (Ciais et al., 2013) . Soil microorganisms are estimated to be responsible for about half of that C release (Schimel, 1995) , and an ecosystems ability to act as a C sink is dependent on the aboveground-belowground interactions (Xu et al., 2016) . Grasslands are generally considered to act as C sinks (Kuzyakov & Domanski, 2000) , but this may change with increased temperature (Thornley & Cannell, 1997) since both the rate of C uptake by plants (Jones, Nguyen, & Finlay, 2009 ) and the C release by microorganisms (Birgander, Reischke, Jones, & Rousk, 2013) depend on the temperature.
Plants influence soil microorganisms in several ways, for example, through root exudation of labile C (Jones et al., 2009) , which benefits microorganisms in the rhizosphere, and through symbiotic relationships, in which microorganisms receive C directly from the plants.
Arbuscular mycorrhizal (AM) fungi constitute an important microbial group in temperate grasslands, with a symbiotic relationship with plants from which they receive a substantial fraction of fixed plant-C in exchange for nutrients (Drigo et al., 2010) , and field studies found allocation to be maintained throughout the year, even during the cold season (Lekberg, Rosendahl, Michelsen, & Olsson, 2013) .
Winters are expected to become warmer, and the growing season to become longer, in temperate regions because of climate change (IPCC, 2014) , which may alter the C cycle. Hence, it is important to investigate the effects of warmer winters on the organisms that control biogeochemistry (Campbell, Mitchell, Groffman, Christenson, & Hardy, 2005; Makoto et al., 2014) . Many studies have been carried out on the ways in which both plants and microorganisms may respond to a change in climate, but the results are not conclusive. Experimental warming has been reported to lead to inconsistent responses in plants, including reduced (Cantarel, Bloor, & Soussana, 2013) , unchanged (Yoshitake et al., 2015) and increased (Cowles, Wragg, Wright, Powers, & Tilman, 2016; Kardol et al., 2010) biomass. In many temperate areas, a small increase in winter temperature may have considerable impact on the plant community if freeze-thaw cycles become more frequent.
The effects of warming on AM fungi are not clearly understood either, as reviewed by Mohan et al. (2014) . However, several studies have shown warming to have positive effects on AM fungi, such as an increase in the translocation of plant-derived C to AM fungi (Hawkes, Hartley, Ineson, & Fitter, 2008) , increased respiration (Hawkes et al., 2008; Heinemeyer, Ineson, Ostle, & Fitter, 2006) , and stimulation of AM fungi root colonization (Rillig, Wright, Shaw, & Field, 2002; Staddon et al., 2003) . Other studies have revealed changes in the physiology of AM fungi because of warming, or that extraradical hyphal growth increased (Heinemeyer et al., 2006; Hu, Rillig, Xiang, Hao, & Chen, 2013; Rillig et al., 2002) , while yet others found decreased amount of extraradical hyphae in the soil (Staddon et al., 2003) , and reduced vesicle formation (Hawkes et al., 2008) .
The responses of saprotrophic microorganisms to experimental warming also vary. Stimulation of microbial biomass has been observed in response to warming in a temperate grass prairie (Sheik et al., 2011) , and in an alpine ecosystem (Zhang et al., 2014) , while decreased microbial biomass has been reported in a 12-year warming experiment in a temperate forest (Frey, Drijber, Smith, & Melillo, 2008) . Other studies in temperate heathland (Reinsch et al., 2014) , alpine soil (Streit et al., 2014) , and a temperate mountain forest (Schindlbacher et al., 2011) showed no response of microbial biomass in response to warming. However, a common finding in several studies was that warming promoted a more bacteria-dominated microbial community (Frey et al., 2008; Yoshitake et al., 2015; Zhang et al., 2014) . Increased microbial biomass could be explained by feedbacks with the plants (Zhang et al., 2014) , while a decrease in biomass is often explained by the depletion of labile C substrates (Fierer, Craine, McLauchlan, & Schimel, 2005) .
The amount of microbial biomass may not always correspond to their contribution to an ongoing activity or processes (Rousk, 2016; Strickland & Rousk, 2010) . Stable C isotope probing combined with analysis of C compounds provides a powerful technique to follow the C flow from the atmosphere to soil microorganisms (Olsson & Johnson, 2005) . The 13 C enrichment in specific fatty acid signatures can be used to estimate the C flow from plants to different microbial groups in situ (Olsson & Johnson, 2005) . Microbial groups are differentially dependent on plant-derived C, and pulse labelling combined with fatty acid analysis can help to elucidate the amount of C flowing into different microbial groups, as well as temporal patterns (Boschker & Middelburg, 2002; Olsson & Johnson, 2005) .
Irrespective of whether the plant biomass increases or not in response to warmer winters, higher temperatures will increase the rate of photosynthesis, and most likely change the phenology of the plant community, thus potentially altering the resource supply of soil microorganisms. To test the effect on C flow from plants to microorganisms we conducted a warming experiment, for two consecutive winters, simulating milder winters as predicted in temperate areas, in a seminatural temperate grassland. The aim of the study was to investigate the indirect effects of temperature, as opposed to the direct effects, and therefore the study was conducted after winter warming treatment was turned off and soil temperatures had converged. Thus, the legacy of milder winters was investigated. An increase in productivity of the plants was expected during winter warming, that would likely persist in spring, altering the phenology.
The higher plant productivity in warmed plots compared with control plots was anticipated to increase the C flow to microorganisms, other factors being equal. We anticipated that rhizosphere microorganisms would gain more C from the plants in a warmer winter climate, compared with microorganisms that are less dependent on plants for their C supply (Bird, Herman, & Firestone, 2011 should induce a higher need for growth limiting nutrients, increasing the plant C investment in mycorrhizal symbionts. We also expected saprotrophic fungi to be less affected by the plants than the bacteria, since it has been reported that they are less dependent on rhizosphere C exudates in the soil (Singh et al., 2006; Wardle et al., 2004) . Hence, our hypotheses were: (1) AM fungi will be most favoured by winter warming and will obtain significantly more C from plants than when the soil is not warmed; (2) saprotrophic bacteria will be more favoured by winter warming than saprotrophic fungi; and hence (3) saprotrophic fungi will be least affected by winter warming with regard to C flow from plants.
| MATERIALS AND METHODS

| Study site and experimental system
A winter warming experiment was conducted in southern Sweden The aim was to keep the warming on when ambient temperatures were continuously low, explaining the variation in duration of warming treatment. Soil temperature and moisture at 5 cm depth were recorded hourly in field using an Em50 data logger (Decagon Devices, Pullman, WA, USA). At the end of the warming periods, when the soil temperatures had returned to being the same as in control plot, the vegetation was pulse labelled with 13 CO 2 on one occasion, and soil was sampled at five times during the chase period (see details below).
On each sampling occasion, the soil moisture was measured gravimetrically by drying at 105°C overnight. On one sampling occasion, the soil pH (H 2 O) was measured (1:5 w:w). Ammonium (NH 4 ) and nitrate 2.2 |
C pulse labelling
Pulse labelling with 13 CO 2 was carried out two days after the second warming treatment was terminated (mid-April 2013), when the soil temperature had returned to the same as that in the control plots.
Transparent hoods (35 9 20 9 12 cm; l 9 w 9 h) were placed over the vegetation, one in each plot (n = 6 in warmed and control, respectively). A pulse of 50 ml 99.9% 13 CO 2 (Cambridge Isotopes) was injected into the hoods with a gas syringe, and the hoods were sealed. After 2 hr under full sunlight (800-1000 lmol m À2 s À1 photosynthetic photon flux density) the hoods were removed (pulse period). Soil samples were obtained with a soil corer (3 cm diameter) to a depth of 5 cm in the area covered by the hoods, 1, 2, 5, 8 and 20 days after pulse labelling (the chase period). Two soil cores from each plot were combined to give a composite sample. Immediately after sampling, the samples were frozen and stored at À18°C until analysed.
| Fatty acid analysis
Lipids were extracted from 5 g freeze-dried soil according to Fros- 
where nC is the number of carbon atoms in the fatty acid chain, and
Me is the average d 13 C/
12
C ratio in methanol. The d 13 C/
C ratio was also corrected for background 13 C levels from nonlabelled samples, giving the excess 13 C in the fatty acids, as described in equation 2:
where
C ratio in nonlabelled samples.
| Respiration
Basal respiration and substrate induced respiration (SIR) were measured once during the experiment. The soil samples from the warmed and control plots were sieved, equilibrated to a standardized temperature of 22°C for 5 days, and basal respiration was measured on a gas chromatograph after 16 hr of incubation. Then 10 mg glucose was added, the headspace was purged with pressured air, and the samples were incubated for a further 2-3 hr. The CO 2 generated was then measured on the gas chromatograph as SIR.
| Vegetation analysis
In April 2012, the year before the pulse labelling experiment, the vascular plant community coverage was estimated (Greig-Smith, 
| Data analysis
Repeated measures ANOVA was used when there was no significant time 9 treatment interaction. However, the 13 C enrichment showed a significant time 9 treatment interaction, and t-test comparisons were used instead. It is known from previous studies that there is a rapid pulse of 13 C after labelling, often peaking within 1-2 days after labelling (Olsson & Johnson, 2005; Pausch et al., 2016; Reinsch et al., 2014) . To catch the peak of 13 C enrichment, the effect of treatment on 13 C enrichment was statistically tested for on the second day after labelling using the t-test, and at additional times when relevant. T -test was also used as a criterion to see whether labelling was effective, i.e. if 13 C concentration was higher in fatty acids from labelled than from nonlabelled, background samples, by analysing the whole chase period for each biomarker. NLFA data were log-transformed to fulfil the criterion for equal variance. All statistical comparisons were made using SPSS (SPSS Statistics, IBM Corporation, New York, USA). For this, the relative abundance of PLFA markers (mol%) 1 day after labelling was subjected to PCA, after standardizing to unit variance.
| RESULTS
The mean soil temperature during the first winter was 8.7 AE 2.3°C in warmed plot and 2.5 AE 2.0°C in control plots, the second winter soil temperature was 6.4 AE 1.6°C in warmed plots and 1.5 AE 0.9°C in control plots (Fig. S1 ). At the time of pulse labelling, the soil temperature in the warmed plots had returned to the ambient temperature, and the soil temperature did not differ at the labelling and sampling of the soil. The mean soil moisture in the warmed plots during the second winter was 18.9 AE 1.4 vol%, compared to 14.7 AE 1.7 vol% in the control plots (Fig. S1 ). The slightly higher soil moisture in warmed plots may be due to melted snow in the warmed plots and surrounding area. At the time the pulse labelling experiments were initiated, the soil moisture content was slightly higher in the control plots (p < 0.05, t 10 = 2.4, were not affected by warming (Table 2 ). The microbial PLFA composition did not differ between the warmed plots and the control plots ( Figure 1 ).
In situ 13 C labelling was successful, and several of the fatty acid biomass indicators were enriched in 13 C; more frequently so in warmed plots (Figure 2, Table 3 , also see Fig. S2 ). AM fungal biomarker, NLFA16:1x5, was significantly enriched in both the warmed and control plots (p < 0.001, t 28 = 7.6, and p < 0.005, t 27 = 3.0, | 5375 respectively, Table 3 ). The 13 C enrichment in AM fungi was higher in warmed plots than in the control plots, and on the second day after labelling the 13 C enrichment was more than three times higher in warmed plots than in the control plots (p < .01, t 7 = À3.6, Figure 2a) , after which it remained relatively constant for the first 5 days in warmed plots, and for 8 days in the control plots. After this, it started to decline. NLFA16:1x5 was still enriched 20 days after labelling in both the warmed and control plots. The effect of warming remained significant throughout the sampling period (p < .001, t 8 = À7.4).
PLFA 16:1x5, which can be found in both soil bacteria and AM fungi, was positively affected by winter warming (p < 0.001, t 31 =3.9, Table 3 ). Like NLFA 16:1x5, it received more plant-derived C under warmed conditions, the enrichment being twice as high one day after pulse labelling and five times higher after 2 days (p < .05, t 8 = À2.5, p < .001, t 10 = À5.1, respectively, Figure 2b) . Hence, the enrichment of PLFA 16:1x5 peaked later than NLFA 16:1x5. The period of enrichment of PLFA 16:1x5 was short, and after 8 days no effect of warming was seen.
The total microbial PLFAs showed an increase in plant-derived C in warmed plots compared to control plots. The 13 C enrichment in total microbial PLFAs peaked during the first two days after labelling, and was twice as high in the warmed plots as in the control plots (p < .005, t 10 = À4.0, Figure 2c ). On the fifth day after labelling, the A number of other PLFAs were also enriched in 13 C, and in some cases, the enrichment was stimulated by warming (Table 3 ). PLFA 16:0 was enriched in 13 C, and showed a peak of plant-derived C on the second day after labelling in warmed plots, which was not seen in the control plots (p < .001, t 10 = À4.4, Figure 2f ). The iso-and anteiso-branched PLFAs found were all enriched in the warmed plots; however, only PLFA i17:0 was also enriched in control plots (Table 3 ). There was no significant difference between the warmed plots and the control plots on day two for either i16:0 or i17:0 (Figure 2g and h), but there was an overall tendency of increase in 13 C enrichment in the warmed plots. The monounsaturated PLFA16:1x7 was another biomass marker significantly positively affected by warming ( Figure 2f , Table 3 ). On the second day after labelling, the T A B L E 2 Phospholipid fatty acids (PLFAs) and a neutral lipid fatty acid (NLFA) used as indicators of microbial biomass in winter warmed and control plots, measured 1, 2, 5, 8 and 20 days after 13 CO 2 labelling. Substrate induced respiration (SIR) and basal respiration were measured 8 days after labelling. Differences between control and warmed plots for PLFAs and NLFA, respectively, were tested with repeated measures ANOVA (n = 6). Basal respiration and SIR biomass-C were tested for differences between treatments with the t-test (n = 6) 
(b)
F I G U R E 1 Results from principle component analysis (PCA) based on the phospholipid fatty acid (PLFA) composition measured in soil collected on the first sampling occasion in (a) the control plots (blue circle) and warmed plots (red diamond), mean of six replicates AESE is presented, for the first two axes in PCA analysis. In (b) the species scores of the microbial community composition estimated from PLFA data are presented for the first two axes in the PCA analysis [Colour figure can be viewed at wileyonlinelibrary.com] 13 C enrichment was more than seven times higher in the warmed plots than in the control plots (p < .005, t 10 = À3.6, Figure 2i ), after which the enrichment converged with background levels.
The composition of the plant community was surveyed the year before labelling (Table 4) , and showed that plants associated with AM-fungi were relatively frequent at the site. Some of the vascular plant species responded to warming, but there was no overall difference in vascular plant community composition between warmed and control plots (Table 4) This increase was reasonable compared with the fluctuations in ambient winter temperature in the area. The mean winter soil temperature has varied between À1.4 and 3.6°C during the past 10 years, based on daily means from 20 th December to 15 th March (Swedish Meteorological and Hydrological Institute, 2014) . Increasing temperature generally increase rates, due to direct effects on microbial physiology (Birgander et al., 2013) , but in this study the direct effects of increased temperature was not the focus. Soil sampling was therefore carried out after the winter warming had been turned off, and the soil temperatures in warmed plots was similar to that in the control plots. With milder winters, a predicted outcome of climate change, we wanted to investigate how the legacy of warm winters would affect the plants and soil microorganisms.
The 13 C pulse labelling experiment revealed significant 13 C enrichment in several of the PLFAs and the NLFAs studied, enabling the flow of C from the atmosphere, via plants, to soil microorganisms to be estimated. The incorporation of plant-derived C was found to be rapid, in accordance with previous studies (Balasooriya, Denef, Huygens, & Boeckx, 2014; Drigo et al., 2010; Heinemeyer et al., 2006; Pausch et al., 2016; Reinsch et al., 2014) , and the enrichment peaked 1-2 days after labelling. Some of the PLFAs that were not enriched when the mean for the chase sampling period was considered, could have been enriched at some time during the chase period.
Altogether, the premises for evaluating our hypotheses were met.
| Warming favours rhizosphere C flow into AM fungi most
We hypothesized that winter warming would stimulate the plants, and thus the belowground C allocation, resulting in a higher plantderived C flow to microorganisms most closely connected with the plants in general, and in particular directed towards mycorrhizal symbionts supplying nutrients. We did indeed find clear suggestions for an earlier onset of plant activity in warmed plots, and that the AM fungi received more rhizosphere C in warmed plots than in control plots, confirming this hypothesis. Even at the end of the chase period, the 13 C enrichment in winter warmed plots was two and a half times that in the control plots, suggesting a maintained increase in belowground C allocation to AM fungi. Furthermore, the incorporation was rapid. The uptake of atmospheric C by plants, and consecutive C input to soil is an important part of the C cycle, and the structural components produced by AM fungi, such as spores, could potentially increase C storage in the soil (Olsson & Johansen, 2000) .
Warming increased the 13 C enrichment of PLFA 16:1x5 by five times. This can be compared with the average PLFA enrichment resulting from warming, which was less than twice that in the control plots. The PLFA 16:1x5 can originate from both AM fungi and bacteria, and it is, therefore, not a specific marker (Frosteg ard, Tunlid, & B a ath, 2011; Olsson, 1999) . In AM fungi PLFA 16:1x5 is associated with hyphal structures, while the NLFA 16:1x5 is more associated with spores. Since the dynamics of the 13 C enrichment in PLFA 16:1x5 was similar as that in the AM-specific marker NLFA 16:1x5, we can infer that the signal was dominated by the AM fungal contribution in this study. However, there were also some minor differences between the signature fatty acids. The effect of warming T A B L E 3 Average d 13 C in NLFA and PLFAs (all except the one named NLFA in table). Average d 13 C over the whole sampling period (20 days) are given for background (n = 5 for NLFA, n = 8 for PLFAs), warmed plots (n = 25 for NLFA, n = 27 for PLFAs), and control plots (n = 24 for NLFA, n = 29 for PLFAs). The average d 13 C in PLFAs and NLFA, compared to the background, was tested with the t-test Significant difference (p < .05). NLFA data were log-transformed to fulfil the assumption of equal variance. PLFA 16:1x9 was excluded from analysis as it did not display equal variance, and log-transformation did not improve it. Values presented are mean AE SE.
declined more rapidly in PLFA 16:1x5 than in NLFA 16:1x5, as expected, as hyphae have faster turnover than spores (Olsson & Johansen, 2000) .
| Rhizosphere C flow to saprotrophic microorganisms
Flow of rhizosphere C from plants to saprotrophic fungi was not affected by winter warming. This is in line with our posed hypothesis that C flow to saprotrophic fungi would be less affected by winter warming than AM fungi and bacteria. However, our hypothesis rested on the assumption that saprotrophic fungi were less dependent than other microbial groups on root-derived C. This expectation was not met by the obtained results. The rhizosphere C flow from plants to saprotrophic fungi was considerably higher than indicated by biomass concentrations. Saprotrophic fungi exhibited five times higher 13 C enrichment than in the average PLFA marker, and around 10 times higher than in bacterial PLFAs. This is in line with recent studies suggesting the importance of the saprotrophic fungal pathway of plant C (Balasooriya et al., 2014; Pausch et al., 2016; Streit et al., 2014) . In an attempt to make a C budget for a soil food web in an agricultural ecosystem, Pausch et al. (2016) found that saprotrophic fungi received a large share of rhizosphere C, which is in contrast with the belief that bacteria are most important for the turnover of easily available C, while fungi dominate the turnover of C bound in complex structures (e.g. Wardle et al., 2004) . Furthermore, Rousk and Frey (2015) found fungi to be associated with high-quality soil C, also casting doubt on the belief that bacteria dominate the fast turnover of rhizosphere C, while fungi dominate the slower turnover of litter. Malik et al. (2016) additionally reported a higher respiration of plant litter in a bacterial dominated microbial community than in a microbial community containing more fungi, which can be interpreted as bacteria also being active in the degradation of plant litter.
Despite that saprotrophic fungi received a considerable amount of rhizosphere C, the enrichment did not increase with warming. It has been shown that fungi are flexible in their use of different C sources, using more old C in warmed soil than recently plant-assimilated C at ambient temperature (Streit et al., 2014) . However, the plant's physiological response to warming may be a more important factor (Cowles et al., 2016) . The phenological shift in plants caused by warming, as indicated by the earlier onset of flowering time, will lead to a higher demand for nutrients early in the season, perhaps T A B L E 4 Community composition of vascular plants, with relative abundance in unwarmed plots (estimated in 2012, n = 4). The species were classified as polycarpic perennials (P) or winter annuals (A), according to Grime, Hodgson, and Hunt (1996) , and as arbuscular mycorrhizal plant species (AM) or nonmycorrhizal plant species (NM), according to Harley and Harley (1987) . Plant species frequency was estimates in warmed and control plot during the labelling experiment (estimated in April 2013, n = 6) | 5379 already during the winter. In our experiment, this may have induced nutrient limitation in warmed plots, more so than for control plots in early spring. Greater plant nutrient limitation is often associated with an increase in the investment of plant C to its symbiont, leading to an increased supply from the fungal partner (Olsson, van Aarle, Allaway, Ashford, & Rouhier, 2002) , and preferential C allocation by plants to beneficial microorganisms have been demonstrated (Bever, Richardson, Lawernce, Holmes, & Watson, 2009 ). In the case of greater nutrient limitation in plants in warmed plots, symbiosis with AM fungi could be more important, promoting preferential C allocation to AM fungi, at the expense of saprotrophic fungi in the rhizosphere. This could be an important explanation of both the lack of increased C enrichment in saprotrophic fungi in warmed soil, and the increased C allocation to AM fungi.
In this study, the whole bacterial community did not receive significant amounts of C from the plants, and Since biomass compared to 13 C enrichment based assessments of the saprotrophic fungal importance in the rhizosphere suggested that marker concentrations in soil could underrepresent their process contribution (see above), this will also need consideration in the comparison of Gram+ vs. Gram-biomass markers.
| Pools vs. processes
Despite pronounced differences in C flow to AM fungi in response to two consecutive winters with increased temperature no differences were observed in biomass concentrations. The lack of increased biomass in response to increased rhizosphere C flow from plants is consistent with previous reports (Ladygina & Hedlund, 2010; Schindlbacher et al., 2011) . Ladygina and Hedlund (2010) suggested that changes in community composition could explain the lack of increased biomass, as the PLFA content might differ between microorganisms, and thus an actual change in biomass may not be reflected in PLFA measurements, while Schindlbacher et al. (2011) suggested a change in the efficiency of C use. However, the explanation may be simpler. If the rates of biological process are increased at a higher temperature, the most obvious explanation would be that both growth and death increase at similar rates. If this is the case, we have no reason to expect any change in the total amount of biomass, but rather only in its turnover rate. Our results are consistent with this expectation. Measurements of total microbial biomass in terms of SIR also substantiated these results, showing no effect of winter warming.
In parallel with biomass production, the production of necromass products is also likely to increase (Joergensen & Wichern, 2008) .
Necromass products associated with AM fungi have a particularly pronounced role for both improving soil structure and accumulating soil C in grassland soils (Antoninka, Reich, & Johnson, 2011; Bedini et al., 2009) . Thus, the warming-stimulated turnover of rhizosphere microorganisms in general, and of AM fungi in particular is likely to gradually increase plant nutrient limitation, improve soil structure and promote soil C sequestration in the form of microbial necromass.
In conclusion, our results suggest that warmer winters in temperate grasslands will stimulate the rhizosphere C flow directed preferentially towards mycorrhizal fungi, which in turn are important for plant nutrition. The preferential C allocation to symbionts also appears to reduce the C flow to other rhizosphere microorganisms, particularly saprotrophic fungi. Although saprotrophic fungi receive a considerable amount of rhizosphere C, and seem to be far more important for the rhizosphere C turnover than biomass assessments suggest, they are unresponsive to increased temperatures during
winter. An increased belowground C flow to soil microorganisms will not result in increases in the microbial biomass concentrations, implying a faster microbial turnover induced by winter warming. The findings of this study imply that microbial communities in temperate grasslands subjected to warmer winters may shift towards more AM-dominated communities and thus strengthen the idea that future changes due to climate change will depend on complex aboveground-belowground interactions.
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